INTRODUCTION
============

Stress granules (SGs) are membrane-less, dense cytoplasmic aggregates formed in response to various environmental stress conditions [@B001]. In general, cells monitor adverse conditions with the help of at least four stress sensing kinases such as (a) PKR (Protein Kinase R) activated by viral infection, heat shock and UV irradiation, (b) PERK (PKR like Endoplasmic Reticulum Kinase) activated by unfolded protein response, (c) GCN2 (General Control Non-derepressible 2) induced by starvation and (d) HRI (Heme Regulated Initiation factor 2 kinase) triggered by sodium arsenite exposure. Activation of either of these kinases causes phosphorylation of eIF2α at serine 51, a component of eIF2/tRNAi/GTP ternary complex which is required for translation initiation. In absence of ternary complex, translation initiation is compromised, thus leading to formation of translationally stalled mRNP complex, which eventually accumulates into SGs [@B002]. Thus, SGs mostly harbor translation initiation factors such as eIF3, eIF4A, eIF4G, eIF4E as well as poly(A)-mRNA, PABP and small (40S) but not large (60S) ribosomal proteins. In addition, many RNA binding proteins (RBPs) such as TIA-1, TIAR, G3BP and FMRP and some signaling proteins such as RACK1, TRAF2 are present in SGs [@B003]. Processing bodies (PBs) are another type of RNA granule which closely resembles SGs but are functionally and compositionally different. SGs appear only after a cell senses stress stimuli, whereas PBs are present in normal (unstressed) cells and proportionally increase upon stress exposure. PB mostly harbors mRNA decay enzymes such as Dcp1 or Hedls, DCP2, etc. Under certain stress conditions, SG and PB come close together and dock some proteins and mRNA. By this phenomenon, these two compartments decide the cell's fate under stress conditions by allowing translation of few transcripts while some are stored (in SGs) or degraded (in PBs).

Stress-induced translational repression and SG assembly allows cell to reprogram overall gene expression profile and permit selective translation of stress responsive genes. SGs are classified as canonical (or universal) and non-canonical, based on their composition, structure or size and number of granules per cell; however, until date no functional difference has been reported between them. SGs usually assemble within minutes after encountering condition of stress, but the disassembling kinetics differs with type of stress. There are numerous factors that are involved in the regulation of SG assembly such as RNA-binding proteins, post-translational modifications, presence of PRD (prion-related domain), low complexity (LC) or intrinsically disordered (ID) regions in SG nucleating factors [@B001], [@B004]. Although mechanism of SG assembly is essential for cell survival, it has also been implicated in many disease conditions such as cancer, fragile X syndrome and neurodegenerative diseases such as ALS and AD [@B005]. Most of the SG associated diseases are reported as a consequence of its abnormal aggregation, which fail to disassemble even after cell's recovery from stress. Deregulation of proteins involved in assembly or disassembly kinetics (precisely proteins involved in the stress signaling pathway) has been proposed as a probable mechanism for failure of granules to disassemble [@B006], [@B007]. There have been several studies explaining the role of SG formation, components and function, but information about proteins modulating SG dynamics is deficient.

We have previously identified several genes, which are involved in the regulation of SG and processing body based on an RNAi screen [@B008]. In quest of the signaling protein involved in SG assembly, we reviewed our data and found NRG2 was one of the hits from the screen. Neuregulins (NRGs) are a member of epidermal growth like (EGF-like) factor, which stimulates ErbB-receptor tyrosine phosphorylation and mediates distinct biological processes. NRG2, a splice variant of NRG1 is a transmembrane protein, which helps in regulation of cell proliferation, differentiation, survival; whereas deregulation of NRG2 results in diseases such as cancer, schizophrenia and Alzheimer's disease [@B009], [@B010]. Activation of NRG2 signal by ErbB receptors can elicit different downstream signaling pathways such as MAPK, PI3, Protein Kinase C and JAK-STAT pathway [@B011]. Nevertheless, data about how these signals provoke specific cellular responses such as proliferation or survival is limited, except for a report, which identified an intracellular signaling component, MEMO (Mediator of ErbB2-driven cell motility) and reported its integration with ErbB signal and control over cell motility [@B012]. It has also been reported that NRG2 crosstalk with broad range of intracellular signaling networks in which ErbB receptor acts as a scaffold in transmitting the information to downstream cellular pathways [@B013].

In this report, we identify neuregulin-2 (NRG2) as a novel component of SGs. Depletion of NRG2 strongly inhibits SG aggregation, but does not affect stress-induced polysome disassembly. We also found that NRG2 localized to SGs under multiple stress condition. Moreover, reduced expression of NRG2 led to marginal increase in cell survival under arsenite-induced stress suggesting that the component may negatively regulate stress-mediated cell death.

RESULTS
=======

SiRNA mediated *NRG2* knockdown impairs SG assembly
---------------------------------------------------

Previous RNAi-mediated loss-of-function screen has identified NRG2 as a potential regulator of SGs [@B008], [@B014]. To test whether NRG2 indeed is a component and / or regulator of SG assembly, we first depleted endogenous NRG2 using two different siRNA's and evaluated SG assembly kinetics. SiCONT (non-targeting) and siNRG2 knocked-down cells were cultured in the absence or presence of sodium arsenite to induce SG assembly in a time dependent manner (30 and 60 min). Immunofluorescence (IF) microscopic analysis was performed subsequently employing universal SG marker (eIF3b) and SG/PB marker (RCK) to visualize the presence of SG and PB, respectively. As shown in [Fig. 1](#F001){ref-type="fig"}A, depletion of NRG2 strongly impaired SG formation after exposure to arsenite as compared to siCONT cells. Immunoblot analysis confirmed significant reduction in the expression of NRG2 ([Fig. 1](#F001){ref-type="fig"}B). Conversely, the percentage of RCK-positive cells remained unchanged in the *NRG2* knockdown cells, suggesting no effect of NRG2 depletion on PB assembly. Our results reveal that the percentage of PB in basal (around 63% unstressed cells) and after stress (98%) followed similar assembly pattern as comparable to earlier reports [@B015], [@B016]. We tested this phenomenon in different cell lines including U2OS stably expressing EGFP-G3BP ([Fig. 1](#F001){ref-type="fig"}C), HEK293T, HeLa and obtained consistent results (data not shown). Moreover, siNRG2 treated cells exhibited 70% inhibition of SGs even after 60 min of exposure to arsenite with respect to siCONT cells ([Fig. 1](#F001){ref-type="fig"}D), suggesting that NRG2 plays a direct potential role at early stage of SG assembly [@B008].

![*NRG2* knockdown impairs SGs assembly. (A) U2OS cells transfected with siCONT, siNRG2-1 and siNRG2-2 for 90 hrs were grown on coverslips and treated with 0.2 mM arsenite for indicated time points. Cells were then stained against universal SG marker eIF3b (green), SG/PB marker RCK (red) and nuclei stain Hoechst (blue). (B) Whole cell lysates were subjected to immunoblot assay to determine knockdown efficiency of NRG2-1 and NRG2-2 and induction of p-eIF2alpha. Actin was used as loading control. Quantified western blot results are represented below. (C) U2OS derived EGFP-G3BP stable cell line was transfected with different siRNAs and subjected to arsenite treatment as shown in Fig. 1A. Presence of SG and PB was then visualized using GFP fluorescence and antibody reactive to p70S6K, respectively. (D) SG quantification data showing percentage of cells with SGs. Data are means ± s.d. of at least three independent experiments. \*P ＜ 0.05; \*\*P ＜ 0.01; \*\*\*P ＜ 0.001, Student's t-test. Scale bar, 10 μm.](BMB-49-449-g001){#F001}

NRG2 localizes to SGs under arsenite-induced stress
---------------------------------------------------

The proteins involved in the regulation of SG assembly such as translation initiation factors, RNA binding proteins, kinases or stress signaling molecules generally localizes to SG after encountering stress stimuli. NRG2 is a transmembrane protein with N-terminal sequence present in the extracellular region and the C-terminal portion protruding through the cytoplasm. Based on the location of NRG2, we also investigated whether the transmembrane protein re-localizes to SGs under arseniteinduced stress [@B010]. In brief, immunofluorescence microscopy was employed for U2OS cells treated with 0.5 mM sodium arsenite and stained with antibodies against eIF3b (SG marker), NRG-2 and p70S6K (PB marker). As shown in [Fig. 2](#F002){ref-type="fig"}A, NRG2 strongly localized to SGs (eIF3b) after arsenite treatment, whereas no localization to PBs (p70S6K) was observed. This result is consistent with the observation that NRG2 knockdown specifically affects SG formation, but not the PB assembly ([Fig. 1](#F001){ref-type="fig"}) [@B017]. Localization of NRG2 to SGs was further verified by counter-staining with other well characterized SG markers such as TIA-1 and G3BP ([Fig. 2](#F002){ref-type="fig"}B) [@B018]. Localization of NRG2 to SGs was also observed in HeLa ([Fig. 2](#F002){ref-type="fig"}C) and HEK293T cells (data not shown). SGs generally recruit specific proteins at different stages of aggregation, for instance, eIF3b and G3BP readily accumulate in the SG at primary stage as soon as cells encounter condition of stress; whereas other proteins such as RACK1, TRAF2 localize to SG at the stage of secondary aggregation [@B002], [@B019], [@B020]. Our assays show that NRG2 localizes to the SGs as early as 15 min after stress induction (data not shown) in a manner similar to TIA-1/TIAR suggesting that NRG2 may play a role in the initial aggregation of SGs [@B019]. Consistently, *NRG2* knockdown exhibited its impact on the initial formation of SGs. This observation implies two possible roles of NRG2, either it might act as a stress signaling protein for granule assembly or may play a role in the primary aggregation stage. Collectively, these data suggest that NRG2 is a bonafide component of SG as well as a regulator of SG assembly.

![NRG2 localizes to SGs under arsenite-induced stress. (A) U2OS cells grown on coverslips were treated with 0.5 mM arsenite for 1 hr before processing for immunostaining against eIF3b (green), NRG2 (red), PB marker S6K (far red) and nuclei stain Hoechst (blue). (B) U2OS cells were treated with 0.5 mM arsenite for 1 hr and stained against established SG markers like TIA (green), NRG2 (red), G3BP (far red) and nuclei stain Hoechst (blue). (C) HeLa cells were grown on coverslips and treated with 0.5 mM arsenite for 1 hr prior to immunostaining against eIF3b (green), NRG2 (red), S6K (far red) and nuclei stain Hoechst (blue). Scale bar, 10 μm. Enlarged views of boxed areas show individual channels (green, red and far-red). Arrow head represents SGs. Data presented represents at least three independent experiments.](BMB-49-449-g002){#F002}

Depletion of NRG2 does not affect the stress induced polysome disassembly
-------------------------------------------------------------------------

It is well known that the stress-induced phosphorylation of eIF2α acts as an initial stimulus for SG assembly [@B019]. The phosphorylated eIF2α eventually causes translational arrest and polysome disassembly. To examine whether NRG2 has a role in polysome disassembly under arsenite-induced stress, we depleted endogenous NRG2 and performed the polysome profiling analysis. U2OS cells transfected with siCONT or siNRG2, were treated with or without 0.2 mM arsenite for 30 min. Cells were subsequently lysed and the extracted proteins were subjected to ribosomal fractionation. Unexpectedly, the control and *NRG2* knockdown cells did not show any differences in the disassembly profile upon arsenite treatment ([Fig. 3](#F003){ref-type="fig"}). This result is a reminiscence of previous finding that O-GlcNAc depletion did not affect polysome disassembly but exhibited its effect only on SG aggregation [@B021]. Altogether, this data suggests that NRG2 acts downstream of p-eIF2α and may act as a nucleation factor for SG assembly.

![NRG2 depletion does not affect stress induced polysome disassembly. U2OS cells seeded at low density in 150 mm dish were knocked-down twice with siCONT or siNRG2-1 for 90 hrs. Cells were then untreated (control) or treated with 0.2 mM arsenite for 30 min to induce polysome disassembly. After treatment, cells were lysed in polysome lysis buffer, subjected to sucrose gradient and polysome profile analysis. See Methods for detailed procedure.](BMB-49-449-g003){#F003}

NRG2 depletion enhances cell survival under condition of stress
---------------------------------------------------------------

The major functional role for SG formation is to protect cells from adverse stress stimuli by temporarily halting energetically costly translation process and activate survival program. This allows cells to conserve much cellular resources, and thereby recover from stress with easiness [@B022], [@B023]. The polysome profile data suggested that NRG2 acts independently or at a level downstream of the eIF2α phosphorylation. Recent report identified that inhibition of SG assembly induces stress-mediated apoptosis regardless of p-eIF2α activation. As we have shown earlier ([Fig. 1](#F001){ref-type="fig"}), *NRG2* knockdown strongly impaired SG assembly, so we sought to determine to what extent this phenotype affects cell viability rate under arsenite-induced stress. Henceforth, we carried out the cell survival assay with siCONT, siNRG2-1 and siNRG2-2 transfected cells following 0.5 mM arsenite treatment at different time points. To our surprise, the NRG2-depleted cells showed modest resistance to the arsenite treatment as compared to control cells ([Fig. 4](#F004){ref-type="fig"}). Particularly, this phenomenon was more evident after 2 hrs of arsenite (0.5 mM) exposure, and the conditions were respective dose and time at which stress-induced apoptotic pathway triggers [@B024], [@B025]. This result suggests that NRG2 promotes cell death upon arsenite-induced stress. Indeed, some reports suggest that NRGs are involved in apoptosis [@B026], [@B027]. Based on these results, we propose a model stating that NRG2 is recruited to SGs at initial stage to prevent stress-induced apoptotic pathway under condition of mild stress (until 2 hrs); whereas, under prolonged stress (after 2 hrs) NRG2 eventually re-localizes from SGs to participate in stress mediated apoptosis.

![*NRG2* knockdown increases cell survival rate upon oxidative stress. U2OS cells transfected with control siRNA or two different siRNAs targeting NRG2 for 90 hrs were seeded in 96 well plate. Next day, cells were left untreated or treated with 0.5 mM arsenite at different time point (0, 1, 2, 3 and 4 hrs). Cells were then subjected to cell survival assay as described in Methods. The results are mean ± S.D of atleast three independent experiments. \*P ＜ 0.05; \*\*P ＜ 0.01; \*\*\*P ＜ 0.001, Student's t-test.](BMB-49-449-g004){#F004}

DISCUSSION
==========

Stress induced translation arrest and reprogramming of gene expression is a surveillance mechanism adopted by cells to survive under conditions of stress as well as save energy to cope up during the process of stress recovery. Recruitment of untranslated housekeeping but not stress-responsive mRNAs into SGs with the help of numerous RNA binding proteins, signaling molecules and subsequent docking with PBs is critical to decide cell fate and maintain RNA triage. In the present work, we report NRG2 (neuregulin-2) as a novel component of SGs. We show that NRG2 depletion leads to impairment in SG assembly dynamics, without affecting PB assembly. Our further analysis reveals that NRG2 does not affect polysome disassembly suggesting its independent action or immediate downstream of eIF2α phosphorylation likely at the aggregation stage similar to O-GlcNAc modification [@B008].

NRG2 is also known to mediate ErbB receptor tyrosine kinase signaling [@B010]. Whereas eIF2α phosphorylation is critical for translation arrest and ribosome run-off, SG components such as RNA binding proteins (TIA, HuR, etc.) predominantly act as nucleation (or aggregation) factor. Recently, it was revealed that many signaling proteins recruited to SGs typically harbor prion related (PR), intrinsically disordered (ID) or low complexity domain (LCD). These structurally disordered domains which fail to fold into active tertiary structure have been demonstrated to be involved in phase separation and formation of membrane-less compartments inside cell. Thus, we checked whether any disordered region resides in NRG2 using the web server (<http://iupred.enzim.hu/>) and surprisingly most of the C-terminal region was found to be completely disordered [@B028]. It confirms our hypothesis that NRG2 acts as an aggregation factor to facilitate SG assembly after p-eIF2α ([Fig. 3](#F003){ref-type="fig"}). The cytoplasmic C-terminal domain of NRG2 is also involved in trafficking and proteolytic processing by undergoing dimerization, thus suggesting its involvement in phase separation after stress signaling.

It is stated that depletion of key components of SGs concomitantly reduces the survival rate after stress exposure [@B029]. Typically, this phenomenon is due to inhibition of SG assembly; however, we observed a marginal increase in survival rate with *NRG2* knockdown. It is also known that SGs inhibit stress induced apoptosis by recruiting signaling molecules such as RACK1, TRAF2 under conditions of mild stress, but it is also apparent that these proteins localize to SG at later stage. In fact, it is clear that LCD regions present in NRG2 can act in the nucleation process at the primary aggregation stage and eventually localize to SGs within minutes after stress exposure. One likely reason for late localization of RACK1 to SGs is that, the signaling molecule is completely devoid of any disordered region. This suggests that the disordered region present in NRG2 is an advantageous criterion for SG assembly, unless further experiments addressing the role of NRG2 deletion mutants and its localization to SG come into scenario. The finding is analogous to the report stating SG induced suppression of stress-responsible, MAPK pathway by actively recruiting RACK1 under mild conditions of stress. Moreover, the obtained data adds NRG2 to the previously proposed model of SGs as a multi-cellular signaling hub, where many signaling proteins orchestrate stress induced response [@B001].

MATERIALS AND METHODS
=====================

Cell culture and transfection
-----------------------------

The U2OS (human osteosarcoma), HeLa and HEK293T cells were maintained in DMEM medium (Welgene) supplemented with 10% inactivated FBS (Welgene), 1% (v/v) penicillin and streptomycin (Lonza) at 37℃ in 5% CO~2~. Transfection of siRNA was performed using Lipofectamine 2000 (Invitrogen) at 40 nM final concentration as per manufacturer's instruction. siRNA sequences were as follows: siCONT, 5\`-GCATTCACTTGGATAGTAA-3\`; siNRG2-1, 5\`-GGAACAGCCCTTAGTCTTT-3\`; siNRG2-2, 5\`-GGTCGGGTGGCGTTGGTAA-3\`.

Western blot analysis
---------------------

Cells were lysed in RIPA buffer (50 mM Tris-Cl (pH 8.0), 150 mM NaCl, 0.1% SDS, 1% NP-40, 1 mM EDTA, 1% Sodium deoxycholate, containing proteinase inhibitors 5 mM NaF, 1 mM PMSF) for 15 min in ice and centrifuged at 13,000 rpm for 15 min. Proteins were quantified using Bradford reagent. Total proteins (20-50 μg) were subjected to SDS-PAGE, transferred to nitrocellulose membranes and detected with respective antibodies. Western blot was performed using ECL detection system. Primary antibodies were purchased as follows: Anti β-actin from Abcam (Cambridge, MA, USA); p-eIF2α from Biomol (Farmingdale, NY, USA); eIF2α from Santa Cruz Biotechnology and anti - NRG2 from Millipore.

Immunofluorescence analysis
---------------------------

Cells grown on coverslips were either untreated or treated with arsenite, rinsed twice with PBS (pH7.4), fixed with paraformaldehyde for 15 min, permeabilized with cold methanol for 10 min and blocked in 5% normal horse serum in PBS containing 0.02% sodium azide for 1 h. Primary antibodies diluted in blocking solution were added to the cells and incubated either at RT for 1h or overnight at 4℃. Cells were then washed with PBS (three times, 10 min each) and incubated with respective secondary antibodies for 1h at RT, washed thrice with PBS (10 min each) and were mounted in polyvinyl medium. Fluorescence microscopic images were taken using a Nikon Eclipse 80i fluorescence microscope (40X). All images were processed in Image J and compiled in Adobe Photoshop CS5. Primary antibodies for ICC were purchased as follows: eIF3b, G3BP, TIA-1 and p70S6 kinase from Santa Cruz; RCK from Bethyl laboratories and NRG2 from Millipore. Cy2-, Cy3-, Cy5- conjugated secondary antibodies were purchased from Jackson Immunoresearch labs.

Polysome profiling
------------------

U2OS cells (2 × 150 mm dish) were treated with indicated concentration of sodium arsenite for indicated time. After treatment, 10 μg ml^−1^ cycloheximide was added and incubated for 5 min at RT, washed with cold PBS, then lysed in 1 ml of polysome lysis buffer (20 mM HEPES (pH7.6), 5 mM MgCl~2~, 125 mM KCl, 1% NP-40, 2 mM DTT) supplemented with 100 μg ml^−1^ cycloheximide (Sigma), protease inhibitor cocktail (EDTA-free; pierce) and RNAsin (Ambion) in a cold room. Cell lysates were tumbled for 15 min at 4℃ and centrifuged at 13,000 rpm for 15 min. The supernatants were fractionated in 17.5-50% linear sucrose gradients by ultracentrifugation (35,000 rpm for 2 h 40 min) in a Beckman ultracentrifuge using SW40-Ti rotor. Gradients were eluted with a gradient fractionator (Brandel) and monitored with a UA-5 detector (ISCO). Fractions were acetone precipitated at −20℃ for overnight and processed for further analysis.

Cell viability assay
--------------------

Cell viability was determined using MTT \[3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] (Sigma). After treatment, cells were washed with PBS twice and incubated with 0.5 g/ml MTT for 2 hrs at 37℃ until the formation of dark formazan crystals. After lysis with DMSO, absorbance was measured at 570 nm. All measurements were done in triplicate wells.
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